Battery electric vehicles (BEVs) are now clearly a promising candidate in addressing the environmental problems associated with conventional internal combustion engine vehicles (ICEVs). Accordingly, governments in many countries have promoted the consumer adoption of BEVs by providing financial incentives and automobile manufacturers are accelerating their efforts to develop BEVs. However, BEVs, unlike ICEVs, are still not widely accepted in the automobile market but continuing technological change could overcome this barrier. The aim of this study is to assess and forecast whether and when design changes and technological improvements related to major challenges in driving range and battery cost will make the user value of BEVs greater than the user value of ICEVs. Specifically, we estimate the relative user value of BEVs and ICEVs resulting after design modifications to achieve different driving ranges by considering the engineering trade-offs based on a vehicle simulation. Then, we analyze when the relative user value of BEVs is expected to exceed ICEVs as the energy density and cost of batteries improve because of ongoing technological change. Our analysis demonstrates that the relative value of BEVs is lower than that of ICEVs because BEVs have high battery cost and high cost of time spent recharging despite high torque, high fuel efficiency, and low fuel cost. Moreover, we found the relative value differences between BEVs and ICEVs are found to be less in high performance large cars than in low performance compact cars because BEVs can achieve high acceleration performance more easily than ICEVs. In addition, this study predicts that in approximately 2050, high performance large BEVs could have higher relative value than high performance large ICEVs because of technological improvements in batteries; however low performance compact BEVs are still very likely to have significantly lower user value than comparable ICEVs until well beyond 2050.
Introduction
Battery electric vehicles (BEVs) are energy efficient and produce zero tail pipe emissions as they use electric motors and motor controllers instead of internal combustion engines for propulsion and battery packs instead of fuel tanks to store energy. Because of these technical characteristics, BEVs have received considerable attention as the solution to address the environmental problems such as climate change and air pollution associated with conventional internal combustion engine vehicles (ICEVs). Accordingly, governments in many countries have promoted the consumer adoption of BEVs by providing both financial and non-financial incentives such as tax exemptions, expansion of related infrastructure, free parking, discounted/free toll, and use of high-occupancy-vehicle lanes [1] [2] [3] [4] [5] . Moreover, automobile manufacturers are speeding up their efforts to develop BEVs [6] .
However, BEVs, unlike ICEVs, are not yet widely accepted in the automobile market. Moreover, the acceptance appears more advanced in higher performance high priced vehicles than it is in the mass market. Specifically, in 2017, 1.2% of new cars sold in the U.S. were electric vehicles but 24.1% of the electric vehicles sold in U.S. were Tesla Model S and X which start at $74,500 (only about 1.5% of ICEVs sold in U.S. were priced at more than $74,500) [7] . Many researchers have noted that key barriers to BEV market penetration are high battery costs and limited driving ranges [8] [9] [10] [11] [12] [13] [14] . However, recent technological developments in BEVs provide an encouraging signal for both areas [15, 16] .
A working assumption in this paper is that BEVs will be widely accepted in the automobile market only when the value or utility which BEVs can give to consumers is as high or higher than ICEVs 1 . Thus, in order to assess the future of BEVs in the market, it is important to investigate how design changes and technological improvements related to driving range and batteries in BEVs affect the user value of BEVs and whether these effects are likely to make the user value of BEVs greater than that of ICEVs.
ICEVs and BEVs are essentially mobile machines that transport people or cargo. However, the user value of ICEVs and BEVs are difficult to evaluate comprehensively because consumers generally value an extensive set of both objective and subjective attributes. In this study, we develop an index to evaluate the relative value of ICEVs and BEVs based on the vehicle attributes which are distinguishable because of the fundamental technological differences in ICEVs and BEVs.
Previous studies have analyzed the marginal effects of vehicle attributes such as price and driving 1 Carbon pricing or other incentives to deal with climate change will change the user value of BEVs if they are enacted and if electricity production systems become more carbon-free than at present. range on the user value of ICEVs and BEVs by modeling consumer choice behavior and demand for the automobile market among existing products [17] [18] [19] [20] [21] [22] [23] [24] . However, it is problematic to assess how design changes and technological improvements in the mid-and long-term affect the user value of ICEVs and BEVs if one only considers demand side empirical models. Thus, we go beyond demand considerations and treat engineering trade-offs in ICEVs and BEVs using a relatively simple user value index.
The technical differences between ICEVs and BEVs affect consumer attributes, trade-offs among these attributes, and the relative user value of ICEVs and BEVs. Therefore, this study estimates changes in the vehicle attributes and relative user value of BEVs and ICEVs resulting from design changes to achieve driving ranges not currently available. This is done while considering the engineering trade-offs based on a vehicle simulation. Then, we analyze when the relative user value of BEVs is expected to exceed ICEVs as the energy density and cost of batteries improve because of ongoing technological change. We ignore much other technological change which more or less equally affects ICEVs and BEVs.
The remainder of this paper is organized as follows. Section 2 describes our relative user value index for ICEVs and BEVs and the simulation methods we use in this study. Section 3 presents the simulation and sensitivity test results. Section 4 interprets the results and discusses their implications.
Section 5 provides conclusions.
Methods

Relative user value index of ICEVs and BEVs
In this study, we develop an index to evaluate the relative user value of ICEVs and BEVs. There are numerous vehicle attributes that provide utility to the user of the vehicle. However, this study develops the relative user value index based on vehicle attributes that characterize differences between ICEVs and BEVs in user value according to the key technical differences. The fundamental technical difference between ICEVs and BEVs is that the core technological domains are different in the energy storage and energy conversion of the vehicle. ICEVs store energy by storing gasoline in fuel tanks, while BEVs use batteries to store electrical energy in the form of chemical energy; ICEVs use internal combustion engines and BEVs use electric motors and motor controllers to gain propulsion to transport people or cargo based on the stored energy. These fundamental differences in the technology used in ICEVs and BEVs affect some consumer attributes and thus the relative user value of ICEVs and BEVs. Specifically, because current technology-level batteries are expensive but inferior to gasoline in terms of energy density, BEVs tend to be more expensive, have shorter driving range, and have smaller internal spaces than comparable ICEVs. Moreover, BEVs take a longer time to charge the batteries compared to fueling ICEVs with gasoline. These factors reduce the relative user value of BEVs versus ICEVs. On the other hand, BEVs have an advantage over ICEVs in terms of accerleration performance and operating cost and these factors increase the relative user value of BEVs versus ICEVs because BEV electric motors have higher torque and are more efficient than internal combustion engines.
We chose the vehicle attributes and the appropriate metrics to construct the relative user value index based on such differences between ICEVs and BEVs for technology and attributes as given in Table   1 . We ignore other vehicle attributes that are basically unchanged between ICEVs and BEVs. The toal cost of ownership in equation (1) is the cost of maintaining the vehicle for a year 4 and is calculated by adding initial vehicle cost, fuel cost, and cost of time spent refueling or recharging.
Specifically, the initial vehicle cost is the vehicle depreciation cost for one year and is calculated by multiplying the manufacturer's suggested retail price (MSRP) ($) by the depreciation rate (%). In this study, the percentage rate of vehicle depreciation is assumed to be 20%
5
. The fuel cost is then calculated by multiplying fuel consumption (gallon/mile or kwh/mile), fuel price ($/gallon or $/kwh) 6 , and vehicle miles driven for one year. The cost of time spent refueling or recharging represents the value loss due to refueling or recharging time [31] . The cost of time spent fueling for ICEVs and the cost of time spent charging for BEVs is calculated using equation (2) and equation (3), respectively. Here, W represents the value of driver's time and it is assumed to be 28 $/hour [32] . M represents vehicle miles driven for one year. 1 and 2 represent driving range on a fully charged or filled fuel. It is assumed that a driver uses 80% of full fuel before refueling or recharging. Then, 1 is calculated as 80% × fuel tank capacity (gallon) / fuel consumption (gallon/mile) and 2 is calculated as 80% × 4 The auto manufacturers generally insure a BEV battery life for 8 years and 100,000 miles. In particular, Tesla's warranty covers 8 years and unlimited miles on battery and drive train. Thus, this study does not include the cost associated with battery life when calculating the toal cost of ownership of BEVs. 5 On average, a new car loses about 20% of its value in its first year of ownership in the U.S. 6 In 2016, Average U.S. electricity price = 0.095 $/kwh and average U.S. gasoline price = 0.061 $/kwh [30] .
battery capacity(kwh) / fuel consumption(kwh/mile). f is the percentage of home and workplace charging and the baseline assumption is that BEV drivers do 80% of their charging at home and work 7 . ℎ is the time required per recharging at home. We assume that the home or workplace base recharging is done during slack periods, so ℎ is defined to be only connect/disconnect time, not the entire time required for recharging. Then, it is assumed that connecting and disconnecting require only 1 minute. is the time required per refueling or recharging at refueling or recharging stations and it is assumed that external refueling or recharging require 10 more additional minutes during refueling or recharging 8 . value, and availability of refuelling infrastructure [37] . In our further use of the index, we assume that such attributes are not affected by the BEV/ICEV decision. 7 Current BEV drivers do more than 80% of their charging at home and work [33] . 8 Gasoline pump usually takes 1 minute to fuel 6 gallons of gasoline [34] . Tesla Model S with 85 kWh battery pack needs about 285 minutes to be 100% charged and Nissan Leaf with 25 kWh battery pack needs about 300 minutes to be 100% charged [35] . 
Simulation of trade-offs in ICEVs and BEVs
There and Tesla model S (high performance large car) are the most sold. We use these two vehicles as the starting point for two vehicle segments-a hypothetical low performance compact BEV which is a stand-in for mass market acceptance and a hypothetical high performance large BEV which is a stand-in for a high performance luxury BEV segment. Moreover, we conduct similar estimations/simulations based on a hypothetical low performance compact ICEV and a hypothetical high performance large ICEV which are comparable to the hypothetical BEVs, and then compare the results between BEVs and ICEVs in each of these two segments.
We select input parameters for hypothetical low performance compact and high performance large BEVs with battery specific energy and battery cost assumed to be at the 2016 level (Table 3) . Then we also select input parameters for hypothetical low performance compact and high performance large ICEVs which are comparable to the low performance compact and high performance large BEVs (Appendix A). 0.317 0.334 * In NREL's FASTSim software, the component costs are multiplied by a specified markup factor, which is set to 1.5 by default. This markup translates the cost to make the component to an estimated price impact on the vehicle [39] .
Technological progress in battery technology
Although many researchers have pointed out that key barriers to BEV market penetration are high battery costs and limited driving ranges, battery technology is improving. Thus, in this study, we also simulate when the relative user value of BEVs could exceed ICEVs in the future due to ongoing technological changes in battery technology.
In this forecasting part of our study, we use a well-established approach usually referred to as the generalized Moore's Law (GML). In this formalism, technological performance is measured by output divided by price or other constraints such as weight [40] . In this study, we measure the technological performance of batteries by two metrics: gravimetric energy density (kwh/kg) and battery cost (kwh/$).
We follow the GML formalism further by estimating the technological improvement rates of these metrics for the simulation analyses by assuming that the technological performance trends follow the exponential function over time as shown equation (4) . Previous studies have empirically confirmed that the exponential relationship between technological performance and time applies in a wide variety of technological domains including energy storage [40] [41] [42] [43] [44] [45] [46] [47] .
Where ( ) and ( 0 ) represent technological performance at time t and at a reference time 0 , respectively, for technological domain i, the exponential constant denotes the percentage change of performance per year and can be referred to as the technological improvement rate.
Rechargeable batteries previously used in BEVs include lead acid (Pb-acid), Nickel-Cadmium (NiCd), Nickel-Metal-Hydride (NiMH), Lithium-ion (Li-ion), Lithium-ion Polymer, and Sodium Nickel Chloride (NaNiCl), but Li-ion batteries are considered to be the standard for modern BEVs. Li-ion batteries have seen significant increases in energy density and cost reductions since Sony released the first commercially available Li-ion battery in 1991. Compared to other battery technologies, Li-ion batteries have been considered best for BEVs because of a large power storage capacity with excellent specific energy and energy density. However, Li-ion batteries also have some limitations when used for BEVs such as high cost, a potential for overheating, and a limited life cycle [48] . There are some promising alternative candidates for energy storage in BEVs such as metal-air batteries which have high energy density. Even though there has been considerable technological progress in the promising batteries, the practical application is still challenging [49] . Therefore, this study focuses on Li-ion batteries.
Technological performance over time in Li-ion batteries is plotted in Figure 3 . The reasonably high value of R 2 of the exponential fit indicates that the generalized Moore's Law works adequately for Li-ion batteries as it does for the large number of other domains where studies have been made. 
Results and discussion
Simulation result 1: Trade-offs in ICEVs and BEVs
We simulate how the vehicle attributes and relative value index of hypothetical low performance compact and high performance large BEVs change when their battery sizes are changed from 1 to 300 kWh (holding other input parameters constant) based on NREL's FASTSim software. Then, we also conduct the similar simulation analyses for low performance compact and high performance large ICEVs as the energy storage capacity of ICEV fuel tank is changed from 1 to 800 kWh (about 0-24 gallons of gasoline). The simulation results for the low performance compact BEV and ICEV are shown in Table 4 and Table 5 , respectively. The results for high performance large BEV and ICEV are shown in Appendix B. The simulation results for all four types of hypothetical vehicles (low performance compact BEV and ICEV, high performance large BEV and ICEV) are summarized in Figure 4 for direct comparison. Overall, Figure 6 and Figure 7 indicate that the relative value of BEVs is lower than that of ICEVs because BEVs have high battery cost and high cost of time spent recharging despite high torque, high fuel efficiency and low fuel cost. Figure 6 and figure 7 also show that the relative value differences between BEVs and ICEVs becomes larger due to the high battery cost (the influence of changes in interior volume and accerleration performance is not as significant) if battery size of BEVs is increased and BEVs' driving range become similar to ICEVs on the market. The relative value differences between BEVs and ICEVs are seen in Figure 6 to be less in high performance large cars than in low performance compact cars because BEVs can achieve high accelaration performance more easily than ICEVs. 
Simulation result 2: technological progress in battery technology
As an extension of the preceding analysis, we analyze when the relative value index of BEVs might exceed ICEVs as the energy density and cost of Li-ion batteries improve according to ongoing technological progress. Specifically, energy density and cost of Li-ion battery technology have been improved about 5% per year and 13% per year, respectively (Figure 3 ). The energy density of Li-ion batteries has steadily increased mostly because of new materials for the cathode, anode, and electrolyte [14, 50] . The cost of Li-ion batteries also has decreased steadily and rapidly but the technological improvement rate for cost could be overestimated by the recent increase in production to meet demand for mobile consumer devices. Such production scale changes decrease cost and temporarily increase the technological improvement rate (k) for cost but do not effect k for metrics such as energy density. Thus, we assume that Li-ion battery energy density (kwh/kg) will increase by 5% per year and Li-ion battery is a more appropriate range to test for the technological improvement rate (k). The sensitivity results are presented in Figure 11 and 12.
From the sensitivity test results for low performance compact BEV and ICEV in Figure 11 , we find the overall results are similar to the baseline or default result: the relative user value index does not exceed that of comparable low performance compact ICEV until after 2050 even though the input parameters for sensitivity tests change by ±15% and for the technological improvement rates by ±50%.
markup factor for battery cost had only minor effects on the relative value index of low performance compact BEV and ICEV. On the other hand, the change of home or workplace charging percentage affected the relative value index of low performance compact BEV significantly. That is, BEVs can give much greater value to consumers who charge their BEVs mostly at home or at work. While this is might be considered evidence of possible lack of robustness in our simulation, we note an important mitigating factor. Note first that the sensitivity to this parameter is only large at low driving range because at longer ranges, the high battery costs dominate in keeping the BEV relative value index low. Since low range
BEVs are probably only suited for home to work travel and only for some people, this sensitivity to home/work charging does not seem to suggest very large scale substitution which is what we are trying to assess in this paper. Comparing Figures 11-(a) and 11-(b), we again see that technological progress does act to narrow the relative value gap between ICEVs and BEVs so sensitivity to variation of the technological improvement rate by ±50% is expected and is seen in Figure 11 -(b). However, even this test supports the conclusion that mass market substitution is not likely for Li-ion BEVs even in 2050. Overall, the sensitivity results indicate that the relative user value of low performance compact BEV does not suggest it overtaking comparable low performance compact ICEV by 2050 even if drivers charge the BEV more than 90% at home or at work and even if the technological improvement rate increases 50% over its trend for the past 20 years. This is further suggestive that the mass of the automotive market is unlikely to transition to Li-ion BEVs by 2050.
The sensitivity test results for high performance large vehicles in Figure 12 also show that the changes in electricity price, gasoline price, value of time, charging time, and markup factor for battery cost did not change the relative user value index of high performance large BEV and ICEV significantly.
However, the percentage of home or workplace charging and the uncertainty in technological improvement again have significant impacts on the relative user value index of high performance large BEV. Specifically, in 2016, if drivers charge their high performance large BEVs more than 90% at home or at work, it is possible that the relative user value index of the BEVs is similar to or higher than that of comparable high performance large ICEVs when the driving range of BEVs is very short. Moreover, in 2050, the relative user value of high performance large BEVs could be much higher or lower than that of comparable high performance large ICEVs depending on the drivers' home or workplace charging percentage and depending upon the realized technological improvement rate between now and 2050. Thus, drivers' home or work place charging percentage and the upcoming technological improvement rate for vehicles. Overall, the results in Figure 12 indicate that is is highly likely that Li-ion BEVs will be competitive with or superior to ICEVs in the high performance luxury automotive market. However, these results are not as environmentally important as those in Figure 11 because an expanded luxury market will not serve the environmental goals desired from BEVs. 
Discussion and conclusions
This study assessed and forecasted whether and when design changes and technological improvements related to the major challenges in driving range and battery cost will make the user value of BEVs greater than the user value of ICEVs. In the initial part of study, we simulated changes in the vehicle attributes and relative value index of hypothetical low performance compact and high performance These results are also consistent with the relative success thus far of higher performance large luxury BEVs-specifically Tesla.
The simulations also showed that unlike ICEVs, the relative value index of BEVs decreases sharply as driving range increases because the marginal cost of a BEV battery is much more expensive than expansion of an ICEV fuel tank (the influence of changes in interior volume, accerleration performance, and cost of time spent recharging are much less significant). The relative value differences between BEVs and ICEVs becomes larger if battery size of BEVs is increased and BEVs' driving range become similar to ICEVs on the market. Accordingly, the optimal driving range to maximize the relative value index of BEVs was observed conspicuously in the range of 70 -100 miles. That is, the simulations suggest that the driving range of BEVs should be designed to be about 70 -100 miles to maximize the value of BEVs offered to U.S. average consumers. The fact that the driving range of most BEVs on the market today is consistent with these results suggests support for an assertion that the simulation results and relative value index used in this study are reasonable approximations of reality.
Furthermore, our simulation results showed that the relative value differences between BEVs and
ICEVs is less in high performance large cars than in low performance compact cars because BEVs can achieve high accerlaration performance more easily than ICEVs. This is consistent with and possibly explains why Tesla's high performance large BEVs, despite their very high price, sell better than other low performance compact BEVs in the U.S. automobile market. The simulation suggests that it is structurally advantageous to sell high performance luxury cars rather than low performance non-luxury cars in the BEV market at this time.
In the forecasting part of this study, we simulated the changes in vehicle attributes and relative and wrong. This conclusion is the major finding of the present study and since it is a forecast the limitations must be especially carefully considered.
There are a wide variety of limitations on the current study which can be analyzed. Table 6 gives the implications of four major sources of limitations which we now discuss. The first limitation to the forecast is that it is made using a model for relative value index and that this model is analyzed by a simulation model for BEVs and ICEVs. If either of these models does not adequately represent reality, the forecast is highly suspect. The simplicity of the relative value index (minimum attributes for describing the essential attributes of BEVs sand ICEVs) and the relative simplicity of the simulation compared to the complex reality of a vehicle denotes that this limitation is potentially significant. While we cannot simply assert that this limitation is not potentially important, we feel that the consistency of results with current market and design choices suggest that their description of reality is acceptable. In particular, our results suggest that high performance luxury BEVs are more competitive with comparable ICEVs than are mass-market cars which is aligned well with market reality in the U.S. automotive market. Similarly, our results and reality are also aligned with the indication that the highest value vehicles that can be offered in the mass market have a driving range of 70-100 miles.
Additionally, the choice of specific values of parameters -particularly the rate of technological improvement-does not greatly change the forecast and thus also does not change our primary conclusion.
The second listed limitation in Table 6 is that our study focuses on the U.S. market results and the forecast for global automotive demand is much more significant from an environmental standpoint. There are two arguments that suggest this limitation is not likely to upset the conculsions in the paper. First, the U.S. market for BEVs is currently the most developed one and secondly there are no known reasons for consumers elsewhere to accept attributes that differ between BEVs and ICEVs differently from U.S. users.
The third source of limitation to the current study is potentially broader than often recognized.
The prior support for the generalized Moore's Law, the data for Li-ion batteries and the fact that a 50%
positive deviation in the rate of improvement does not overturn the mass market conclusion are strong evidence that Li-ion BEVs are not likely to overtake ICEVs in the mass automotive market by 2050.
However, other technologies may achieve the same environmental goal and they are not included in our analysis. In particular, other battery systems than Li-ion are certainly feasible before 2050. Although it is possible that such batteries have higher the technological improvement rates (k) than Li-ion batteries, significantly more rapid technological improvement is not likely for such batteries based upon the longterm performance data on a variety of battery systems [44] . However, capacitors are an electrical energy storage technology that is known to have a significantly higher k [44] and indeed capacitors have been forecast to surpass batteries in energy storage capability by the 2030s [41] . In addition, fuel cells are improving more rapidly than batteries [40] so it is possible that H2 fuel cell vehicles could be superior to Li-ion BEVs before 2050 (however H2 storage is also challenging). Thus, our focus on Li-ion battery technology is a limitation that probably does not overturn our basic conclusion for BEVs in general;
however it is likely to be a serious limitation if one considers other alternatives. In particular, there appears to be a decent chance that Capacitor Electric Vehicles (CEVs) will be superior to ICEVs before 2050. Of course, predicting this with any certainty with zero CEVs sold as of now would be highly problematic.
The fourth source of potential limitation listed in Table 6 concerns the fact that our analysis to some extent assumes that the automotive market structure for 2050 is similar to today's relative to attribute importance. In general, this is not necessarily correct and it is possible over the next 30 years that evolution of transportation will occur that markedly changes the structure and desirability of attributes. For example, extremely high carbon taxes would enable development of carbon-free electricity and possibly be able to offset the value shortfall of BEVs relative to ICEVs. Although this appears unlikely based upon the past several decades, political changes in will cannot be ruled out. Beyond the political uncertainty, there are also some other technological changes -in particular driverless vehicles and shared vehicles-that appear likely to grow in importance before 2050. Neither of these changes appear to favor the attributes naturally superior/inferior in BEVs; indeed, higher performance and low driving range may well be less favored with shared and/or driverless vehicles making BEVs even less competitive in such environments.
The limitations of any forecast more than 30 years into the future cannot be entirely eliminated and that is true for the forecast in this study. Our preceding analysis indicates that the greatest uncertainty relative to to Li-ion BEV competitiveness up to 2050 involves large political actions that are possible but are not foreseen at the present time. The other major uncertainty this analysis uncovers is that other technologies -in particular CEVs-may well achieve the desired move from ICEVs even before 2050. This positive conclusion leads one to stress the desirability of not locking into a desirable alternative too early since we do not want to make a good approach prevent a better one from evolving. 
Appendix A. Simulation input parameters
